The determination of the elastic property distribution in heterogeneous gel samples with a finite element based reconstruction scheme is considered. The algorithm operates on small overlapping subzones of the total field to allow for a high degree of spatial discretization while maintaining computational tractability. By including a Maxwellian-type viscoelastic property in the model physics and optimizing the spatial distribution of this property in the same manner as elasticity, a Young's modulus image is obtained which reasonably reflects the true distribution within the gel. However, the image lacks the clarity and accuracy expected based on simulation experience. Preliminary investigations suggest that transient effects in the data are the cause of a significant mismatch between the inversion model, which assumes steady-state conditions, and the actual displacements as measured by a phase contrast MR technique.
I. INTRODUCTION
Interest in accurate, quantitative evaluation of the physical properties of biological tissue is rapidly increasing as the value of this information has been appreciated in such applications as lesion detection, medical examination, and computer assisted surgical procedures. One particular area of interest includes the assessment of the elastic properties of tissue through the analysis of noninvasive image-based, strain measurements. Ultrasound elastography has been studied for some time, [1] [2] [3] [4] [5] [6] [7] [8] where ultrasonic imaging is used to detect subsurface displacement response to an externally applied displacement source. While ultrasound elastography continues to hold promise in terms of providing valuable tissue data, it is presently limited by the lack of lateral resolution in ultrasonic imaging compared to other available modalities. This potential drawback has led to the investigation of MR-based strain imaging techniques. [9] [10] [11] [12] [13] [14] In addition to fully three-dimensional imaging capabilities, MR offers higher resolution than ultrasound, making it a very appealing method for discerning micron level displacement fields in biological structures.
Regardless of the strain imaging technique, it is generally agreed that some type of model-based reconstruction procedure is required for determination of elastic property distributions. 15, 16 To date these models have varied widely in complexity, from simple algorithms relating a Local Frequency Estimation ͑LFE͒ to stiffness via a standard wave equation formulation 17 to nonlinear inversion schemes which operate on a partial differential equation ͑PDE͒.
3,18-22 While many of the methods proposed to date have shown promise in simulation, there has been limited success in producing accurate inversions of measured dynamic strain data. This points to a variety of issues, such as viscoelastic behavior and transient effects, which need investigation in order to develop successful, robust algorithms for elasticity imaging through interpretation of harmonic displacement fields.
While inversion in the case of dynamic, rather than quasistatic, mechanical motion has shown the need for a high level of algorithmic sophistication, the benefits of the procedure are potentially significant. By generating strain fields through dynamic displacement propagation, elasticity information can be inferred in structures inaccessible by means of quasi-static surface actuation, e.g., the brain. In addition, dynamic displacements are useful for estimating tissue properties other than elasticity, such as dispersion and density. This paper examines the first applications of a subzone-based elastic property reconstruction scheme, 20 with an additional Maxwellian-type viscoelastic term, to experimental MR data. This algorithm is based on a well-established nonlinear inversion scheme, 3, 18, 19 where the global reconstruction technique is instead performed on small, local ''subzones'' of the tissue region of interest ͑ROI͒. The improvements in algo-rithmic performance found through the addition of viscoelastic behavior are encouraging but not complete. Evidence presented here suggests that the method's assumption of steadystate motion in the MR generated data may be the primary discrepancy in the data-model match.
II. INVERSION METHOD
The nonlinear elastic property reconstruction scheme that forms the core of the subzone inversion technique is centered around a squared error minimization formulation, 3, [18] [19] [20] where the agreement between the calculated displacements derived from the most recent property estimate, u l c at location l, and the measured displacement data at that location, u l m , is sensed by the functional
for N measurement locations. Minimization of this functional is accomplished by equating its derivatives with respect to the reconstruction parameters to zero, generating the matrix system
͓͑Hϩ␣I͔͕͒⌬⌫͖Ϫ͕f͖ϭ0, ͑2͒
with ⌬⌫ representing the vector of parameter updates, f being the derivatives of F in Eq. ͑1͒ with respect to the parameter field ⌫, and H being the approximate Hessian matrix. The regularization parameter ␣ is added to the diagonal of H and scaled to the inversion problem at hand by the Levenberg-Marquardt method 23 to facilitate solution of Eq.
͑2͒.
Two elastodynamic models have been implemented to date in order to provide displacement calculations based on the estimated parameter distributions. The simplest involves an undamped linear elastic relationship, while the other adds a Maxwellian viscoelastic coefficient to account for the attenuation of displacement in tissue. Expressed in terms of a PDE in displacement, u, these models can be written as
for a linear elastic tissue of density having properties G and and
for a Maxwellian viscoelastic material with damping coefficient .
In general, the inversion problem defined in Eq. ͑2͒ is intractable for highly resolved material property distributions as computing a single solution update scales cubically with the size of the vector ⌫. To overcome this resolution limitation, a subzone inversion scheme has been developed 20 which recasts the global error functional in Eq. ͑1͒ as a sum of functionals defined on small subzones of the total ROI,
where min(F) is replaced by
for Q subzones. Further details on the mathematical and computational underpinnings of this technique are described in Ref. 20 ; the algorithm essentially relying on foundations previously developed in Refs. 18, 19 . In numerical simulations the formulation has been found to be very effective in reconstructing high resolution ͑MR pixel level͒ parameter distributions even in the presence of high noise ͑up to 15% in the undamped linear elastic case͒, as reported in Ref. 20 . The subzone-based inversion method has also been found to execute relatively quickly, with global property distribution solutions for meshes of approximately 20 000 nodes being completed in a few hours. Direct solution of the full inverse problem for a mesh of this size is computationally infeasible on workstations currently available. Here, we describe our initial experience in applying the algorithm to dynamic MR displacement data measured in gel phantoms.
III. MR DISPLACEMENT IMAGING TECHNIQUE
To obtain displacement measurements, we have developed an MR-compatible mechanical driver which can vibrate tissue-like gel phantoms in a strong magnetic field. Figure 1 shows the device which is currently in use. The design is centered around an actuator constructed of nine piezoelectric stacks wired in parallel. Three layers, each separated by stabilizing ceramic plates and consisting of three piezostacks, were used to provide adequate displacement under dynamic load. Individually, each stack is capable of Ϯ7 m of displacement when driven by a 100-Vpp signal, so that the assembly as a whole can ideally produce Ϯ21 m of motion. The stacks are powered by a wide band amplifier which boosts the sinusoidal driving signal generated by the MR pulse program. Using the MR pulse sequence to generate the driving signal for mechanical vibration allows almost any waveform to be used and also allows highly accurate control of the phase between the mechanical vibration and the motion encoding gradient. However, this also limits the time of mechanical stimulation to the signal duration of the motion sensitizing gradients as described below ͑see Fig. 2͒ . Independent measurements of actuator motion using a capacitively coupled displacement probe have demonstrated that the response of the actuators is linear in the applied voltage for a given frequency, yielding 10-15 m of displacement at 100 Hz, 60 Vpp.
The motion encoding MR gradient sequence, based on a simple gradient echo sequence, is illustrated in Fig. 2 . The imaging process involves three cycles of mechanical motion driven by signal from the RF, the last two of which coincide with the sensitizing gradients. The phase in the MR image is recorded for different phase relationships between the applied motion and the encoding gradients to calculate the harmonic displacement in each pixel of an image. Four such phase relationships are used to ensure internal consistency between the measured phase and the fit to the expression C ϩM cos , where the amplitude, M, and the relative phase, , completely characterize the harmonic motion. The constant phase offset, C, has no bearing on the measured motion. MR timing and resolution parameters for these image acquisitions are: TRϭ300 ms; TEϭ58 ms; FOVϭ8 cm; 256 ϫ128 pixels; 10-mm slice thickness.
IV. EXPERIMENTAL RESULTS
Initially, homogeneous gels were used to validate the MR measurement system. Figure 3 shows a typical example of the displacements obtained in a homogeneous gel phantom (5 cmϫ5 cmϫ4 cm) , where the 100-Hz, x-directed actuation was applied through the bottom and two side walls of the rigid gel container ͑see Fig. 1͒ . The displacements were recorded in both the horizontal ͑x͒ and vertical ͑y͒ directions such that they form a two component vector field in the imaging plane parallel to the axis of mechanical translation. Because of the symmetry in this case, only a single central plane is illustrated. Distortional ͑shear͒ wave fronts are evident with a wavelength of approximately 1 cm. This wavelength is consistent with the known Young's modulus of the gel ͑3-5 kPa, as measured in separate mechanical tests͒. Peak displacements measured in the gel at the walls of the box were approximately 10 m, which mirrors the data collected with an independent measurement probe.
In Fig. 3 , the images in the first column represent data collected for x-directed ͑horizontal͒ motion while the second column shows the corresponding data for y-directed ͑verti-cal͒ motion. The first row, A, shows a standard grayscale MR image of the homogeneous gel phantom, while rows B and C show the reconstructed motion parameters M and , respectively. The bottom row, D, shows the overall displacement field, given by M cos for each vector displacement component. It is interesting to note that there is a small discrepancy between these displacement images and the known boundary conditions, i.e., a nonzero displacement along the bottom of the gel phantom. This is due to an imperfection in an early prototype of the mechanical driver, where the horizontal plane of motion did not exactly correspond to the horizontal plane of the MR, leading to a uniform y-directed displacement offset within the gel.
The development of wavelike behavior is readily visible in the magnitude ͑row B͒ and displacement fields ͑row D͒ as expected. However, the mechanics of the wave propagation are fairly complex, even for a homogeneous gel phantom as illustrated in Fig. 3 , due to the asymmetric ͑top to bottom͒ boundary conditions which exist. From the x directional displacement ͑row D, left͒, it is evident that the predominant mode of wave propagation is shear motion caused by the bottom surface acting as a distortional wave source. The uniform horizontal peaks and valleys suggest the gel is nearly incompressible at this length scale ͑short compared to the dilatational wavelength͒ and low frequency, so that dilatational wave propagation is not supported. The same conclusion is reached by examining the y motion in Fig. 3 ͑row D, right͒ where uniform vertical contours exist, indicating a shear mode of propagation. Another noticeable characteristic is the apparent damping of motion from the walls to the center of the gel ͑row B͒ suggesting that the wavefronts may have undergone some dispersion or may not represent fully developed harmonic motion. Figure 4 shows MR generated x and y displacement data for a block of agar gel with a hard, spherical agar gel inclusion approximately 1.5 cm in diameter. The plane shown is the same as Fig. 3 , cutting through the center of the phantom with its x-axis in line with the direction of vibration. The y-directed displacement offset associated with Fig. 3 has been removed by the elimination of the imperfection in the mechanical driver. Figure 5 presents a standard grayscale MR image of the gel phantom. Interestingly, the inclusion is barely visible in image A, showing that the elastic property contrast does not translate into conventional MR image contrast. It is also the case that the displacement fields themselves ͑Fig. 4͒ do not clearly indicate the presence of the harder inclusion embedded within the gel. For visualization purposes, the area of heterogeneity has been outlined in image B of Fig. 5 .
Image reconstructions of the elastic property distribution in the heterogeneous gel sample ͑Fig. 5͒ obtained from the MR displacement data ͑Fig. 4͒ are presented in Fig. 6 . Two inversions are shown: one with the undamped elastic model from Eq. ͑3͒ ͑image A͒ and the other with the damped model presented in Eq. ͑4͒ ͑images B and C͒, where image B shows the elasticity distribution and image C shows the map of the Maxwellian attenuation coefficient for the damped model reconstruction. While both images A and B clearly recover the presence of a hard inclusion near the center of the gel, the size and overall localization of the inclusion are more accurately represented in the damped model inversion. Image C indicates that the surrounding gel has a relatively low attenuation component while the inclusion exhibits a level of increased damping.
The results in Fig. 6 are encouraging, especially since they represent one of the first elastic property images derived from experimental MR data where displacements have been measured under conditions of a dynamically applied mechanical stimulus. However, further improvements are desirable and necessary if MR elastography is to progress clinically. While qualitatively satisfying, the images in Fig. 6 are not immediately as promising as those achieved in simulation studies, 20 which raises important questions about the adequacy of the model relative to the imaging physics. The improvement in the elastic property image with the addition of attenuation effects demonstrated in Fig. 6 suggests that data-model match is critical. In this regard it is important to note that the MR displacement field is acquired during the first three harmonic cycles of the displacement stimulation which is intermittently applied with the pulse sequencing ͑see Fig. 2͒ as the data associated with each pixel/voxel is generated. Hence, it is quite possible that the measured dis- FIG. 3 . Raw data from MR motion encoding gradients using a homogeneous gel phantom within the device shown in Fig. 1 with voxel intensity grayscale images ͑row A͒, magnitudes of x and y displacement respectively ͓m͔, ͑row B͒, phase of x and y directional displacement ͓rad͔ ͑row C͒, and reconstructed x and y displacement from magnitude and phase ͓m͔ ͑row D͒. The left-hand column represents x directed motion sensitivity while the right represents y directed sensitivity. Note that the images in this figure are dimensioned in pixel coordinates.
placements do not reflect fully developed wavefronts which have reached the dynamic steady state, creating a conflict with the harmonic motion assumption used in the inversion model.
To investigate this possibility, we simulated the transient behavior of the MR data acquisition using a time-domain solution of Eq. ͑4͒ where the stimulation was applied to the walls of the phantom for three cycles at 100 Hz. The time history of each node in the finite element mesh which comprises the measured displacement field was then Fourier transformed and the 100-Hz component ͑magnitude and phase͒ was extracted in order to represent the MR displacement measurements. This data was then supplied to our frequency domain inversion algorithm ͑after being corrupted with 10% added noise͒, which produced the elastic property image shown in image A of Fig. 7 . This image is strikingly similar in character to the images in Fig. 6 . In image B of Fig. 7 , we also show the case where the simulated measurement data is taken from the steady-state solution ͑with 10% added noise͒ and inverted with the algorithm. The improvement in the recovery of the elastic property distribution is remarkable and suggests that the degradation of the image in Fig. 6 results in part from data-model mismatch between the transient motion which is measured and the time-harmonic model which is assumed. It is also interesting to note that the recovery of the elastic properties is quantitative for the steady-state data image ͑image B͒ whereas the reconstructed properties are an order of magnitude too high for the transient data image ͑image A͒, presumably due to some form of artificial hardening which tries to compensate for the datamodel mismatch. The reconstructions from experimental data in Fig. 6 exhibit the same character ͑i.e., an effective hardening of the embedded inclusion͒. 20 indicate that quantitative image reconstruction of elastic property distributions can be recovered in the presence of considerable measurement noise ͑up to 15%͒ using an overlapping zone finite element inversion technique. Reconstructed property resolution can be preserved at the MR measurement level ͑i.e., pixel resolution͒ with this approach. Initial experience with reconstructions of actual MR data in heterogeneous gel phantoms consisting of harder inclusions embedded in a softer background is encouraging and shows that the localized increase in stiffness can be found ͑despite a lack of conventional MR image contrast or contrast observable directly in the displacement field itself͒. In this regard, the incorporation of displacement attenuation through the addition of a Maxwellian viscoelastic term in the governing computational model has been shown to improve the recovery of the size, shape, and location of the hard inclusion. However, simulations of the potential transient effects in the MR displacement measurements indicate that the data-model mismatch between the MR data acquisition method and the assumed steady-state image recon- struction model may be the most important factor which presently limits the recovered property image quality.
V. CONCLUSIONS

Previous simulations
Two immediate pathways for resolving this inconsistency present themselves. As demonstrated in the transient simulation reported here, the MR displacement encoding gradient imaging process can be modeled by taking the frequency component of the transient displacement solution related to the harmonic excitation. By incorporating this process into the subzone inversion technique, the transient effects present in displacement images generated in three or four cycles of actuation could be modeled, presumably leading to high quality inversions from transient data sets of this type. Alternatively, by separating the driving signal for the mechanical actuator from the gradient signal, but maintaining phase coherency with the MR gradients through the use of a phaselock loop, mechanical excitation could be applied throughout the image acquisition process. This would assure that the resulting displacement images represent the steady-state motion of the sample, which should also lead to high quality property reconstructions. Which approach provides the best image reconstructions while still offering a convenient and feasible imaging process remains to be determined. At this point both of the strategies mentioned here remain as viable options. Two inversions of the simulated data set where image A shows the reconstruction based on displacement data generated in three cycles of motion starting from rest ͓kPa͔ while image B shows the same reconstruction process carried out on steady-state data ͓kPa͔.
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